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by ultra-short pulse length, low en-
ergy laser light.
 The technique produced periodic
ripple micro-structures (LIPPS) at the
surface of the Ni.
 LIPPS yields an increased electro-
chemical activity relative to unpro-
cessed planar Ni by a factor of 2.5.
 LIPPS electrode modiﬁcation could be
relevant for Ni based micro-battery
systems.a r t i c l e i n f o
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This study describes the preparation and analysis of laser micro-structured nickel metal electrodes for
application as a cathode material in micro-batteries based on the nickel oxyhydroxide chemistry. Using
ultra-short pulse length lasers (picoseconds to femtoseconds); surface micro-structures in the form of
ripples are rapidly generated at the surface of nickel metal cathodes. These ripple micro-structures, with
a periodic spacing approximately equal to the wavelength of laser radiation used, are more commonly
referred to as laser-induced periodic plasmonic structures (LIPPS). The electrochemical activity of the
LIPPS nickel metal cathodes is investigated in aqueous KOH using cyclic voltammetry. Across a wide
range of scan rates, the results of the voltammetry show that the formation of LIPPS yields a considerable
enhancement in the electrochemical activity of the nickel surface. The observed enhancement is
attributed to both the greater surface area of the rippled surface relative to a planar nickel surface and a
thicker NiOx layer generated by the laser process.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).1. Introduction
Nickel is a widely used electrode material in battery technolo-
gies (e.g. nickel/cadmium, nickel/metal hydride, nickel/hydrogen,(S. Edwardson), laurence.
k (L.J. Hardwick).
r B.V. This is an open access articlenickel/zinc, nickel/iron) [1]. Secondary battery technologies utilis-
ing a nickel cathodematerial and an alkaline electrolyte have nickel
hydroxide, Ni(OH)2 as the electrochemically active material. During
charge/discharge electrode cycling, Ni(OH)2 undergoes reversible
oxidation to form the charged-state material, nickel oxyhydroxide,
NiOOH. The ability of a nickel-based energy storage device to store
and deliver power relies on the amount of the electrochemically
active material that can accumulate at the electrode/electrolyte
interface. It would be expected that maximising the accessibleunder the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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material accumulation, leading to improved energy storage
performance.
Efforts to improve the performance of nickel electrodes by
maximising surface area have, so far, primarily involved the use of
templating. Various techniques have been used to create templates
onto which the electrode material can be deposited and, in some
cases, the template can be subsequently removed, thus creating a
nickel cathode framework. The template methods used so far
include using; the micropores of an high internal phase emulsion
polymer [2e4], the aqueous domains of a self-assembled liquid
crystal template [5,6], the self-assembly of a mutant Tobacco
mosaic virus to a gold surface [7,8] and a self-assembled opal
template of 1.8 mm polystyrene spheres [9].
This work presents laser micro-structuring of nickel surfaces as
an alternative to template-directed preparation. It has been shown
previously that the surface of nickel metal, as well as other metals
and semiconductors, can be rapidly modiﬁed with the use of ul-
trashort laser pulses [10e21]. The particular process of interest is
the formation of laser-induced periodic plasmonic structures
(LIPPS). These structures exist in the form of ripples at the solid
surface and were ﬁrst observed during the examination of semi-
conductor surface damage by a ruby laser [10].
It was initially proposed that the formation of LIPPS was a result
of interference between the surface scattered wave and the inci-
dent laser radiation resulting in periodic spacings approximately
equal to the laser wavelength [11,12]. This concept has been
developed further based on the assumption that the formation of
LIPPS occurs as a result of inhomogeneous energy deposition just
beneath the surface [22,23]. Furthermore, some recent studies have
also provided evidence to suggest that interference between the
incident laser and exited surface plasmons may also contribute to
the formation of LIPPS [13,15,19]. The ripples that result from the
surface laser treatment form perpendicular to the direction of the
lasers polarisation.
The formation of micro-structures at the nickel surface can be
achieved extremely rapidly by laser-treatment (dependent on pa-
rameters and setup, typically 4 cm2 per second is possible),
removing the need for any complex or time-consuming synthesis
steps required during templating. In particular, the treatment with
ultrashort laser pulses to yield high surface area nickel electrodes
could create materials for possible applications in micro-batteries.
The nickel hydroxide/oxyhydroxide couple has been previously
investigated as a possible micro-battery electrode in several
different forms in addition to the previously described templating
methods; thick-ﬁlm printed electrodes using a mixture of nickel
hydroxide, ﬁne nickel metal powders and bindermaterial as the ink
[24], high-aspect ratio pillar nickel electrodes [25], hierachical
micro-spheres and micro-ﬂowers of Ni(OH)2 [26] and graphene
encapsulated nickel coreeshell electrodes [27].
2. Experimental
2.1. Laser micro-structuring of nickel foils
High-purity nickel foils with a thickness of 1.0 mm (Goodfellow)
were used in the preparation of the nickel electrodes. From a thin
strip of nickel (ca. 25  8 mm) an area of 5 mm2 was treated using
ultra-short pulse length (femtosecond and picosecond) and low
pulse energy (1e3 mJ per pulse) lasers. Two laser systemswere used
in this study; an ampliﬁed Ti:Sapphire laser (Clark-MXR CPA2010)
and a custom made Nd:VAN seeded regenerative ampliﬁer laser
(High-Q IC-355-800 ps). The Clark-MXR laser system has a pulse
length of 160 fs, a repetition rate of 1 kHz and a central wavelength
of 775 nm, with a similar set-up to that detailed in Ref. [28]. TheHigh-Q laser is a 10 ps pulse length laser system capable of repe-
tition rates up to 50 kHz and output wavelengths of 1064 nm,
532 nm and 355 nm (355 nm wavelength pulses have not been
used in this work). The overall set-up for the High-Q laser system is
the same as detailed in Ref. [29]. Both set-ups used a scan head and
f theta lens to deliver the laser beam to the work piece. All exper-
iments described in this study used linearly polarised laser pulses.
Samples were processed with the laser beam at a normal incident
angle as the structure of LIPSS produced can be sensitive to this
incident angle.
The laser spot was scanned across the planar nickel surface in
parallel lines at a predeﬁned scan rate (mm s1). The overall laser
ﬂuence (energy delivered per unit area) was controlled by varying
parameters of the laser treatment; repetition rate, pulse intensity,
diameter of the laser spot, the number of overlapping scans and the
hatch distance (separation between the parallel scans).2.2. Characterisation of nickel surfaces
The formation of the LIPPS at the nickel surface was charac-
terised by scanning electron microscopy (SEM) and white-light
interferometry. White-light interferometry measurements were
completed on a WYKO NT1100 Optical Proﬁling System. SEM im-
aging was performed on a JEOL JSM-6610 instrument working at
30 keV.2.3. Electrochemical analysis of laser-processed nickel
Electrochemical measurements were obtained using a standard
three-electrode cell equipped with the nickel working electrode, a
platinum wire counter electrode and a silver/silver chloride
reference electrode. A 3 M KOH solution in distilled water was used
as the electrolyte. All voltammetric measurements were conducted
using a Bio-Logic VSP potentiostat at room temperature. To pre-
pare the processed nickel foils for testing, the unprocessed nickel
surface was coated in a few layers of insulating acrylic lacquer to
create an exposed, well-deﬁned geometric area of purely laser-
processed nickel metal. A platinum wire was attached to the
nickel using silver conducting paste to ensure a good electrical
contact. The nickel strip was washed in a small amount of addi-
tional 3 M KOH electrolyte solution prior to immersion into the
electrolyte.
Cyclic voltammetry of the different nickel samples was per-
formed in a potential range of 0e0.45 V vs. Ag/AgCl to study the
oxidation/reduction peaks of the Ni(OH)2/NiOOH couple. The nickel
was cycled at a range of scan rates from 10 mV s1 to 2500 mV s1.
These measurements were compared with control samples of un-
processed nickel metal foil.2.4. Surface characterisation of the laser processed nickel
Raman spectra were recorded with a Raman microscope
(Renishaw inVia), using a 633 nm wavelength laser focussed
through an upright microscope (Leica), via a 50 objective (Leica).
X-ray photoelectron (XPS) experiments were performed in a stan-
dard ultrahigh vacuum surface science chamber consisting of a PSP
Vacuum Technology electron energy analyser (angle
integrating ± 10) and a dual anode X-ray source. [30] The base
pressure of the systemwas less than 2 1010 mbar, with hydrogen
as the main residual gas in the chamber. The XPS measurements
were carried out with a Mg K-alpha source (1253.6 eV). The spec-
trometer was calibrated using Au 4f7/2 at 83.9 eV. The samples were
corrected for charging using the adventitious carbon 1s peak.
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3.1. Formation of LIPPS
At a macroscopic level the laser-processed area of the nickel
strip was observed to reﬂect natural light differently compared to
the planar unprocessed area, making it apparent which section of
the metal had been Laser treated. Initial analysis using white-light
interferometry (Fig. 1) of processed nickel foils showed the
consistent formation of LIPPS as a result of laser treatment at
775 nm and 1064 nm. The direction inwhich the rippled structures
formed was perpendicular to the polarisation of the light. This is
consistent with the experimental results described in previous
literature [28,31]. The coverage of the LIPPS at the nickel surface is
determined by both the laser spot radius and the hatch distance. If
the hatch distance (the spacing between parallel laser scans) is less
than the laser spot radius, the processed area of the scans will
partially overlap, giving a greater coverage of treated nickel.
Fig. 1(c) shows a sample prepared using a laser spot radius of
15 mm and a 10 mm hatch spacing to give what appears as 100%
coverage of LIPPS. Fig. 1(b) shows a sample prepared using a 20 mm
spacing (i.e. greater than the laser spot radius) indicating rippled
(yellow arrow) and planar (red arrow) (inweb version) lines across
the surface. This sample, therefore, has LIPPS coverage of less than
100%.Fig. 1. White-light interferometry of nickel surfaces; (a) image of an unprocessed, planar nic
(1064 nm laser) (c) complete LIPPS coverage across the entire nickel surface; (775 nm laser).
and periodicity proﬁle of LIPPS, of white line trace shown in (c) and (d).The four SEM images (Fig. 2(a)e(d)) demonstrate the long-
range periodicity of the LIPPS generated at the nickel surfaces.
The samples imaged in Fig. 2 were generated using the 1064 nm
laser and the periodicity of the ripple structures, z1 mm, is
approximately equal to the laser wavelength used. This is
consistent with observations reported previously [21,23,31].
Topographical information derived from the white-light interfer-
ometry analysis (Fig. 1(d)) shows that in the samples generated
using the 775 nm wavelength laser, the periodicity of the ripples
was also approximately equal to the laser wavelength. Structures
in which the periodic spacings are approximately equal to the
laser wavelength, like those produced in this work, are known as
Low Spatial Frequency LIPPS (LSFL) [31]. Sub-wavelength period-
icity structures, referred to as High Spatial Frequency LIPPS (HSFL),
have also been reported for nickel [13,14] and other materials
[15e20].
Fig. 2(d) shows a boundary edge of the laser-processing, high-
lighting the difference between the LIPPS and the planar surface of
the nickel. The image demonstrates the ripples at the boundary are
much less pronounced than those in the bulk of the LIPPS. This can
be attributed to the Gaussian energy distribution of the laser spot.
The laser ﬂuence at the boundary of the laser spot is lower
compared to the center of the spot, where the greatest laser in-
tensity is distributed. Consequently, a decreasing gradient of energy
is delivered to the surface towards the boundary of the laser spotkel surface; (b) image of partial LIPPS coverage as a result of no overlapping laser scans
(d) complete LIPPS coverage across the entire nickel surface; (1064 nm laser) (e) depth
Fig. 2. Scanning electron micrographs of LIPPS on nickel surfaces. Imaged samples were processed using a 1064 nm wavelength picosecond laser: Images (aec) show the LIPPS
formations across the full range of the image, (d) shows the boundary of laser-processing, showing a relatively planar unprocessed nickel surface and the LIPPS ripples.
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depth of ripples towards the boundary.
3.2. Electrochemical performance
The cyclic voltammogram of a laser-processed nickel foil and an
untreated nickel foil is shown in Fig. 3. The anodic and cathodic
peaks observed between 0.2 and 0.4 V vs. Ag/AgCl, attributed to the
oxidation and subsequent reduction of a few monolayers of surface-20
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Fig. 3. Cyclic voltammetry at 500 mV s1 of a LIPPS nickel electrode and an unpro-
cessed nickel foil electrode. Laser parameters used to generate LIPPS: Clark-MXR
femtosecond laser, 775 nm central wavelength, 1.5 mJ pulse1, 1 kHz, 178 mm s1
laser scan rate, 17 overlaps on one spot area.Ni(OH)2 (Eq. (1)), are consistent typical of those reported in the
literature [5,32,33].
NiðOHÞ2 þ OH#NiOOHþ H2Oþ e (1)
To compare the electrochemical activity of the nickel cathodes,
the anodic peak current densities associated with the formation of
NiOOH were compared at equivalent scan rates. From Fig. 3, it can
be seen that the anodic peak current for this particular laser-
processed sample (25.6 mA cm2) was over 2.5 times greater
than the equivalent peak current density for the unprocessed nickel
electrode (9.9 mA cm2), with associated charges of ca.1.2mC cm2
for the unprocessed nickel foil and 4 mC cm2 for the processed
sample. A change of potential difference between the anodic and
cathodic peaks can also be observed with the unprocessed foil
having a wider difference of 0.11 V compared to 0.09 V for the laser
processed Ni foil. This may result from different surface properties
of the ﬁlms, which will discussed be later on.
Fig. 4 shows the measured anodic peak current densities across
the full range of scan rates. The best enhancement in electro-
chemical activity was observed when the sample was prepared
with 100% LIPPS coverage and with the 775 nm wavelength laser.
Utilising the understanding that the presence of LIPPS at the surface
yields an increased surface area, it is clear that achieving the
maximum (100%) LIPPS coverage is expected to have the greatest
effect on the activity. This expectation is conﬁrmed by comparing
the two samples prepared with the 775 nm wavelength laser (and
with a laser spot radius of 15 mm); the sample with less than 100%
coverage was prepared with a 20 mm hatch spacing and shows
considerably less enhancement than the equivalent sample pre-
pared with a 10 mm hatch spacing (100% LIPPS coverage).
Two main features of the ripple micro-structures would be ex-
pected to contribute to the overall change in surface area as a result
of LIPPS formation; the periodic spacing of the ripples and the
amplitude of the ripples. It was observed during experimentation
that more pronounced ripples were produced when longer
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However, as stated previously, since the periodicity of the ripples
approximately equals the wavelength of the laser, smaller wave-
length pulses are observed to produce smaller periodic spacings, as
observed from the line scans obtained from white-light interfer-
ometry (Fig. 1(e)) from 775 to 1064 nm wavelength processed Ni
substrates. By considering the balance between these two
contributing factors, it is possible to understand why the middle
wavelength radiation, 775 nm, yielded the greatest overall
enhancement. Using the 775 nm wavelength laser produced a
rippled nickel surface with more distinct peaks and troughs than
the 532 nm sample and shorter periodic spacings than the 1064 nm
sample (Fig. 1(cee)). This resulted in a greater surface area than the
two corresponding samples. However, it is unclear whether surface
area effects alone as a result of LIPPS formation are solely respon-
sible in the observed enhancement in current density. Raman and
X-ray photoelectron spectroscopy was used to characterise the
nature of the NiOx on the surface of Ni metal on the unprocessed
and laser processed Ni foil.200 400 600 800 1000
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Fig. 5. Raman spectra of an unprocessed nickel foil and laser processed nickel foil
(775 nm, 160 fs pulse).Fig. 5 shows the Raman spectra collected from the as received Ni
foils and a Ni foil treated by the775 nm laser. The Ni foil displayed a
weak band at ca. 537 cm-1 that can be assigned to the NieO
stretching mode and this is typical signal for the NiOx layer on Ni
metal surfaces [34,35]. For the laser treated sample amuch stronger
and sharper peak is observed suggesting a greater presence of NiOx
on the surface from both the higher surface area and from a thicker
layer of NiOx. The thicker layer was conﬁrmed by XPS measure-
ments (Fig. 6), where the ratio of metallic Ni to NiOx is higher in the
untreated foil, as seen by the relatively larger intensity peak of
metallic Ni at 852.2 eV, compared to the other four peaks assigned
to NiO. The line shape of the Ni 2p was compared to that in the
literature and agreeswith the features for NiOx [36], suggesting that
apart from a thicker NiOx layer, the chemical nature of both foils at
the surface are identical. It is believed that the thicker NiOx layer is
generated by the short heat pulse from the laser during LIPPS for-
mation; whereby localized surface heating generates a thicker-20
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Fig. 7. Cyclic voltammograms of sample “532 nm ps laser, 100% LIPPS”. The potential of
the working electrode was cycled 750 times at a constant scan rate of 500 mV s1.
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separation of the anodic and cathodic peaks during CV scans.
Finally, to assess the stability of the LIPPS nickel, the electrodes
were cycled continuously for 750 cycles. Fig. 7 shows the current
peaks for both the anodic and cathodic reactions remain relatively
stable for the period of extended cycling. The current density peaks
increase slightly with cycle number. This effect could be attributed
to the further thickening of the electrochemically active layer at the
nickel electrode/electrolyte interface.
4. Conclusion
The surface of nickel metal foils was processed with the use of
ultra-short pulse length, low energy laser light. This rapid tech-
nique (4 cm2 per second, with higher possible) was shown to
produce periodic ripple micro-structures (LIPPS) on the surface of
the nickel metal. Cyclic voltammetry was used to demonstrate that
the formation of the ripples yields increased electrochemical ac-
tivity relative to unprocessed planar nickel by 2.5 times. The
observed improvement is attributed to both the increase in surface
area as a result of ripple formation and the thickening of the NiOx
overlayer on nickel by localised surface heating during the laser
process, as evidenced from Raman spectroscopy and XPS data. The
use of laser-processing techniques to modify the electrode surface
at the micro-scale is a very rapid technique, eliminating any com-
plex or time-consuming synthetic steps, thus creating an additional
option for producing high surface area electrodes for nickel-based
micro-battery systems.
Further optimisation of the laser-processing technique should
involve maximising the overall surface area enhancement by pro-
ducing deeper troughs with smaller periodic spacings between the
ripple structures. Creating a more uniform formation of the ripples
across the entire surface area is also desirable, this could be ach-
ieved by controlling the intensity distribution of the laser spot
dynamically, i.e. using a top-hat beam shape with a more uniform
intensity distribution [37]. This method, if implemented, could be
used to give a more uniform distribution of the laser ﬂuence at the
nickel surface and result in a more uniform formation of the ripple
structures.
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